requires many passive and active components. Passive components include waveguides, power splitters, couplers, wavelength division multiplexers/demultiplexers and active components include modulators, optical switches, signal routing devices etc. Devices based on multi-mode interference (MMI) phenomenon [3] have proved to be effective in realizing compact optical components [4] , [5] .
A dielectric waveguide, where the light is guided in the high refractive index core surrounded by a low refractive index cladding (such as air/oxide) by total internal reflection forms the basis for many photonic devices [6] . In general, reduction in the size of optical components to increase the integration density leads to reduced confinement of light in the waveguide, which in turn contributes to increased surface scattering losses. Further, decreased confinement due to tight integration can lead to undesired coupling between adjacent photonic components which further degrades the system performance. Photonic crystal waveguides have been proposed as an alternative to conventional index guiding based waveguides. Guiding of light in a photonic crystal waveguide is due to photonic band gap (PBG) effect arising from constructive interference of reflections from each periodic layer of a photonic crystal [7] . Using photonic crystal waveguides, several on-chip photonic components (splitters, resonators, modulators, optical switches) have been proposed and realized [8] , [9] . Though stronger confinement of light in the waveguide core is theoretically possible in photonic crystal waveguides, requirement of multiple periodic layers to achieve PBG effect and the scattering losses arising from increased surface area prevent tight integration of several optical components. Earlier, we had proposed high-contrast grating (HCG), a near wavelength grating with a large refractive index contrast between the grating bars and the surrounding media. HCG can be designed to exhibit a very high reflectivity over a very broad wavelength range [10] , [11] . In contrast to photonic crystals, broadband high reflectivity of HCG arises from the interference of multiple modes that are excited inside the HCG [11] , [12] . HCG can be extremely thin, less than λ/4, it is thus an excellent reflector for ultra-low-loss hollow-core waveguide (HCW) [13] , [14] . HCW with a core dimension of 9 μm constructed with HCG reflectors has been demonstrated with a propagation loss as low as 0.37 dB/cm [14] . Several active and passive photonic devices have been realized using HCG platform including lasers, waveguides, vertical to in-plane couplers etc. [15] .
Power splitters, couplers, switches and modulators are important optical components in integrated optics. Splitters and couplers can be realized using conventional silicon waveguide based designs [16] . Similarly, research efforts have been devoted to reduce the switching energy and device footprint of an optical switch, so as to fit the requirement of future large scale photonic integrated circuits. Various approaches have been demonstrated, such as ring resonator [17] and photonic crystal nano-cavity [18] for realizing an optical switch. So far, all these optical components are built with solid-core waveguides. Splitters, couplers, switches and modulators based on HCG HCW, on the other hand, are interesting, as they offer many unique properties, such as low propagation loss, high power handling etc. In addition, splitters and couplers realized using HCG-HCW have potential athermal operation. In order to reduce the device footprint of various optical components, MMI design can be effectively used. In addition, components built using HCG HCW platform are excellent candidates for gas sensing applications.
In this paper, we demonstrate key advantages of using HCG-HCW platform for integrated optics compared to conventional waveguide designs. As a proof of concept, we design a compact MMI based 2 × 2 coupler, a 3 dB splitter, 1 × 4 splitter and an optical switch. First, we show that two parallel HCGHWs can be completely isolated by a single layer of HCG with thickness significantly less than 1 λ, in sharp contrast to conventional waveguides requiring large separations up to multiple wavelengths to avoid undesirable coupling. Hence, the size of the MMI region can be made significantly smaller in our design. Combined with this, the fact that guiding of the light occurs in the low index hollow-core leads to compact MMI splitters and couplers. By carefully optimizing the HCG parameters used in the MMI region, the footprint of an optical switch can be further reduced, as low as 25X compared to a conventional MMI based optical switch.
Finite-difference time domain (FDTD) simulations are used to show that the HCG HCW based MMI components exhibit self-imaging property. Leveraging this property, an extremely compact 2 × 2 coupler with a length of 26 μm and a 3 dB splitter with a length of 3.6 μm are realized using HCG-HCW. The simulation results agree very well with the predictions of MMI theory demonstrating that the ultra-thin HCG layer used to confine light indeed behaves similar to a perfect reflector. An extremely compact optical switch which can also function as a modulator is designed. By proper optimization of HCG parameters, a small change of its refractive index (0.2%) can make this HCG switch from high reflectivity to high transmission; thus light can switch between the two waveguide channels. We show that the switching length can be <4w 2 /λ, where w is the core size of the waveguide and λ is the wavelength. Using ray optics concept, 4w 2 /λ corresponds to the length of one optical bounce that light travels from one waveguide to the other during the switching. The switching length shown here, 60 μm, thus breaks the limit set by the ray optics. This also represents a ∼25 × length reduction from the conventional 2 × 2 MMI coupler. All the components presented here also have extremely low insertion loss. The MMI design presented here using HCG-HCW can be easily extended to realize a variety of compact optical components (N × M couplers, arbitrary ratio splitters, wavelength Fig. 1 . Schematic of 1D HCG-HCW that forms the basis for various photonic components presented in this paper. By optimizing the dimensions (thickness, period and duty cycle), the HCG cladding material is designed to have extremely high reflectivity (>99.9%). Two such planar HCGs arranged parallel to each other enable low loss guiding of light in the hollow-core waveguide. The basic component of the power splitter and optical coupler is a HCG HCW as shown in Fig. 1 . HCG-HCW consists of two planar HCGs arranged parallel to form a HCW. Low loss guiding can be achieved by optimizing the HCG dimensions (period, thickness and duty cycle) to obtain high reflectivity (>99.9%) over a large wavelength bandwidth.
MMI design is used in this study to design various components. In an MMI design, multiple modes are excited at the transition of input waveguide and a multi-mode waveguide. Due to the difference in axial propagation vectors, these guided modes interfere along the length of the waveguide forming single/multiple images of the incident field [3] . To design compact power splitters, symmetric MMI interference design is used where in the input waveguide is placed symmetrically with respect to the two output waveguides (see Fig. 2(a) and (b) ). To design a 2 × 2 coupler and an optical switch, general interference technique is used (see Fig. 2(c) and (d) ). In all the cases, the waveguides can be literally adjacent to each other separated only by a thin layer of HCG. This results in considerable size reductions.
For the optical switch, the middle HCG needs to be designed such that its reflectivity can change from 1 to 0 with a small refractive index change of the grating bars. In particular, the middle HCG needs to exhibit the following characteristics: First, it needs to have a very high reflectivity for a range of oblique incidence angles, e.g. 70°to 90°. This is because the fundamental waveguide mode entering the MMI region consists of a range of Fourier components in the x-direction, depending on the core size. High reflectivity over an angular range ensures low propagation loss and high isolation. Secondly, the reflectivity spectra need to exhibit large wavelength dispersion, i.e. change from 1 to 0 in a small wavelength range. The sharp dispersion also manifests itself as a strong dependence on the refractive index of HCG bars, thereby creating an efficient optical switch.
For a 2 × 2 coupler, the coupling length of the MMI region can be expressed as [3] :
where n r is the refractive index of the core and W MMI is the effective width of the MMI region. In deriving this expression, it is assumed that the frequency spacing of modes in a dielectric waveguide follows quadratic dependence. However, this assumption is strictly valid only in the limit of large index contrast between the waveguide core and the cladding. In the case of HCG-HCW, we have shown earlier that the modes of the optimized HCG waveguide are indeed similar to a metallic waveguide due to negligible phase induced by the HCG upon reflection [13] . Hence, MMI theory can be readily applied in the present case. Simulation results shown below further validate this assumption. For a splitter based on symmetric MMI design, splitter length can be expressed as [3] :
where 'N' denotes the splitting factor, 2 for a 3 dB splitter, 4 for a 1 × 4 splitter and so on. Advantages of using HCG HCW in the design of MMI based optical components compared to conventionally used dielectric waveguides can be readily seen by examining Eqs. (1) and (2) . For conventional dielectric waveguide design, refractive index of the core (n r ) region is typically 1.5-3. Further, the input/output waveguides have to be separated by at least w2w, w being the width of each waveguide, to avoid undesirable coupling between various components. Hence, the width of the MMI region is typically 3w -4w. For the case of HCW, the refractive index of the core is 1 and more importantly stronger confinement of light in the core region means that the waveguides can be literally adjacent to each other as depicted in Fig. 2 . In this case, the width of the MMI region is reduced to ∼2w. Table I shows the comparison between conventional low loss, low index Silica waveguides, high index Silicon waveguides and HCG HCW. From the comparison, it is evident that HCG HCW based photonic components perform much better compared to the low index Silica waveguides leading to a large size reduction by more than 10 ×. In the case of high-index Silicon waveguides, though HCG HCW based components show significant 
size reduction for the same waveguide width 'w'. It should be noted that waveguide dimension of Silicon waveguides can be less than 0.5 μm, whereas for the HCG HCW, the smallest waveguide width (assuming negligible field penetration into the optimized HCG) is λ 0 /2, i.e. 0.775 μm. By leveraging phase dispersion of a high reflectivity wideband HCG [20] , the waveguide dimension can be further reduced to as low as 0.5 μm, however at the expense of increased crosstalk and insertion loss. Therefore, potential large size reduction benefits for the HCG-HCW would be offset by the fact that HCG-HCW width is larger than what could be achieved by Silicon waveguides, thus leading to on-chip optical components comparable in footprint. Further, HCG-HCW can be an excellent platform for on-chip applications requiring hollow-core such as quantum computing and information processing, linear and non-linear spectroscopy and lab-on-a-chip liquid/gas sensing.
III. GUIDED MODES IN A HCG HCW
To obtain a low loss guiding in a HCG HCW, with HCG behaving similar to a perfect metallic reflector, rigorous coupled wave analysis simulations are performed. For a TE polarized light, with electric field vector oriented parallel to the grating bars (see Fig. 1 ) and for a refractive index of 3.6, the following optimized dimensions of the HCG are obtained: thickness (t g ) = 0.41 μm, period (Λ) = 0.665 μm, and the duty cycle (η) = 0.44. For this optimized set of dimensions, due to the subwavelength nature of the gratings, no diffraction orders are possible for 1550 nm incident light. Further, the transmission is extremely low, resulting in extremely high reflectivity. Fig. 3 shows the variation of reflectivity with respect to the incident angle for the optimized HCG. The results show that the HCG gives very high reflectivity (>99%) over a large angular range and hence low loss guiding of the excited modes in the MMI region is possible. In addition, band structure calculations are done for the 2D HCG HCW using FDTD simulations. Fig. 4(a) and (b) shows the band structure of a 10 μm width HCG-HCW corresponding to the MMI region of both splitter and coupler. For comparison purpose, band structure of a 10 μm metallic waveguide is also shown in Fig. 4(c) . The band structures show several similarities: the HCG-HW dispersion relation has very close resemblance to a metallic waveguide confirming that the optimized HCG-HCW indeed behaves similar to a metallic waveguide. Fig. 4 (a) also shows additional modes below and above the light line. The modes below the light line are entirely guided in the thin HCG layer similar to the guided modes on a periodic dielectric waveguide structures described in reference [19] . The additional modes above the light line are resonance modes that are excited in a HCG. The interaction of the HCG resonances modes with the waveguide modes creates interesting mode-shifting properties [20] and can be effectively used to realize an optical switch.
HCG HCW supports more than 10 guided modes at a wavelength of 1550 nm as seen from Fig. 4(b) . Mode shapes of the HCG HCW are calculated by enforcing bloch boundary conditions across each unit cell of the waveguide. The bloch vector for each guided mode at 1550 nm is obtained from the band diagram (see Fig. 4 The geometry consists of two adjacent HCG-HCW with a width of 5 μm where in the light is launched from the bottom left waveguide. The HCG dimensions are same that are used for band structure calculations. The results from Fig. 6 clearly show the formation of single/multiple images of the incident field along the propagation length due to the interference of multiple modes. This property can be effectively used to realize various optical components presented in this paper.
V. SIMULATION RESULTS FOR HCG HCW 2 × 2 COUPLER
Propagation of light in a HCG-HCW based 2 × 2 coupler is simulated using FDTD method. Fig. 7 shows the simulation results for an input waveguide width (w) of 5 μm.
From the simulation results, we can clearly notice negligible coupling of light from the input waveguide (bottom left) into its adjacent waveguide (top left). This result validates our earlier premise that two adjacent waveguides can be completely optically isolated by a single thin layer of highly reflective HCG, thus enabling large integration density of optical components. The length of the MMI region (L MMI ) in our study is optimized to obtain a maximum extinction ratio between the top and bottom output waveguides. At a coupling length of 280 μm, there is negligible light penetration into the bottom waveguide. This coupling length agrees very well with the value of 280 μm calculated using MMI theory (see Eq. 1) further validating our assumption that there is negligible phase shift induced by the optimized HCG cladding upon reflection. Insertion loss or the excess loss through the device and the crosstalk ratio between the output waveguides are calculated by integrating the poynting vector across the cross-section of each waveguide. A crosstalk ratio better than -20 dB is obtained for this design. Similarly, the insertion loss through the device, IL = 10 * log(P out /P in ), is evaluated to be 0.053 dB. Further optimization such as tapering the HCG cladding thickness at the beginning of the output waveguides may help in obtaining a larger extinction ratio and reducing the slight oscillations observed at the output. Fig. 8 shows the wavelength dependence of the coupler for the optimized coupling length. The results show that due to broadband high reflectivity of the HCG cladding layer, the coupler shows good performance with crosstalk ratio better than -12 dB and the insertion loss less than 0.5 dB over a wavelength range of 1500 nm to 1600 nm. Fig. 9(a) shows the simulation results for a waveguide width of 1.5 μm. The fundamental mode in this waveguide has a guided angle of 31.1°. HCG dimensions optimized to provide high reflectivity at this angle are: thickness (t g ) = 0.36 μm, period (Λ) = 0.72 μm, and the duty cycle (η) = 0.38. The value of optimized MMI coupling length for this case is 26 μm. For this coupling length, a crosstalk ratio better than −15 dB (see Fig. 9(b) ) is obtained. Footprint of the coupler (L MMI * W MMI ) in this case is 85 μm 2 (35λ 2 ), considerably smaller than earlier reported values in the literature. Insertion loss obtained by integrating the power in the input and the output waveguides is calculated to be as low as 0.35 dB. Compared to the earlier case of a 5 μm waveguide, we observe an increased insertion loss and decreased extinction ratio. In general, as the waveguide width gets smaller, guided mode angles of higher order modes excited in the MMI region differ significantly. Hence, a HCG cladding designed to have high reflectivity for a fundamental guided mode may not provide very high reflectivity for higher order modes. Further, the phase induced by the HCG for higher order modes may not be negligible. Optimization of the HCG cladding taking these issues into consideration can potentially increase the extinction ratio and decrease the insertion loss considerably. The design methodology presented here can be readily extended to realize on-chip N × N couplers and optical multiplexers/demultiplexers for wavelength division multiplexing applications.
VI. SIMULATION RESULTS FOR POWER SPLITTER
Simulation results for a 3 dB splitter with a waveguide dimension of 1.5 μm are shown in Fig. 10(a) . HCG dimensions are the same as used for the optical coupler. Insertion loss evaluated by calculating the total power in the two output waveguides is as low as 0.28 dB. As expected from a symmetric configuration, the calculated power splitting ratio is 3 dB. Next, 3 dB splitters with different waveguide widths are simulated. Fig. 10(b) shows the trade-off between size reduction and performance of a 3 dB splitter. As the waveguide width (w) decreases, length of the device reduces quadratically as expected from Eq. (2) . Similarly, footprint of the device (length × width) decreases as w 3 . Hence, large integration density of optical components is possible by choosing a smaller waveguide width. (b) Trade-off between the size of the 3 dB splitter and the insertion loss. As the waveguide width is reduced, length and the footprint of the splitter decrease significantly. Though insertion loss in general increases, it is below 0.3 dB, even for small waveguide widths. Fig. 11 . Simulation results for a 1 × 4 splitter using HCG hollow core waveguides. At the splitter length of 72.2 μm, equal power is realized in the output ports with the total insertion loss through the device as low as 0.03 dB.
From Fig. 10(b) , it is evident that the insertion loss increases only modestly as the device footprint is reduced and is well below 1 dB even when the waveguide dimension is close to the wavelength of light. It is worth pointing out that low insertion loss even at small waveguide dimensions is possible because of the unique design flexibility of HCG based waveguides, i.e. the ability to design highly reflective HCG cladding for any guided mode angle.
The symmetric MMI design methodology presented here can be readily extended to realize 1×N power splitters. As described in Eq. (2), the length of the splitter depends on W MMI and inversely proportional to 'N'. For designing a 1 × 4 splitter, waveguide width is assumed to be 5 μm. Fig. 11 shows the results for this splitter with an MMI length of 72.2 μm. This agrees very well with the calculated value of 72.6 μm from the MMI theory for a wavelength of 1.55 μm. The transmitted power in output waveguides 1 and 4 is 24.4% and power in waveguides 2 and 3 is 25.2%. The total insertion loss through the power splitter is 0.03 dB. The design presented here can be easily extended to realize various 1 × N splitters.
VII. SIMULATION RESULTS FOR AN OPTICAL SWITCH
HCG is the only single layer structure that can offer simultaneously large angular independence and strong wavelength dispersion, to the best of our knowledge. Fig. 12 illustrates the characteristics of such an optimized HCG with: 0.77 μm period, 0.47 μm thickness, and 0.5775 μm bar width, designed for TE polarization. Fig. 12 shows the HCG reflectivity as a function of incident angle and wavelength for grating index of 3.483 and 3.490, respectively, calculated by analytical solution [11] . The reflectivity is nearly independent of incident angle θ but extremely dispersive for wavelength range 1.54-1.56 μm. The dispersive characteristic is due to an internal resonance effect in HCGs [11] . At the wavelength of 1.553 μm, shown by the white dashed line, HCG can be changed from fully reflective to transparent with a small change of refractive index for a wide range of incidence angles (70°-90°). This HCG property provides an excellent template for an optical switch.
The reflectivity contour plot provides an intuition of the switching mechanism. To have a more comprehensive understanding, the dispersion relation (ω-k diagram) of the HCG HCW modes is calculated. The calculation procedure follows the method detailed in reference [20] . We sweep the incident angles of a plane wave externally incident onto the HCG HCW, and calculate its reflectivity, from which the dispersion relation can be extracted as shown in Fig. 13 .
The green curve shows the ω-k diagram of the fundamental mode of a single HCW. When two such identical HCWs are running in parallel, this fundamental mode splits into two modes, an odd mode and an even mode with its propagation constant k z odd and k z even respectively. Their splitting is very small due to the high reflectivity of the HCG, indicating a good isolation. When the switch is turned on, the splitting between the two modes enlarges significantly. Note that this splitting comes from the significant change of the dispersion curve of the even mode. The odd mode, on the other hand, stays nearly unchanged. This difference can be explained by their different mode profiles shown in Fig. 14(a) . The mode profiles are obtained by transfer matrix method. We first calculate the 0th order reflection and transmission coefficient of each HCG layer [20] . We then treat the HCG as an effective interface, and apply transfer matrix method to calculate the field profile in the waveguide core region. Since the HCG operates in the subwavelength regime, the high order evanescent waves can be ignored. This greatly simplifies the calculation, while capturing the physical intuition of the switching behavior and the field profile in the hollow-core region. The even mode has large field intensity at the shared HCG region, indicating its strong interaction with the HCG. At the HCG resonance condition, the light experiences a large dispersion, leading to a large change of its propagation constant. The odd mode, on the other hand, has a node in the shared HCG region, and it experiences a minimal influence from the refractive index change of HCG. Thus, its dispersion curve stays nearly unchanged. Energy can switch between the two HCG HCWs by the MMI, as shown in Fig. 14(b) . The switching length can be expressed as π/|k z odd − k z even |. The larger the splitting is, the shorter the switching length. In this example, the switching length is ∼60 μm when the refractive index of the grating bars is changed from 3.490 to 3.483.
It is interesting to note that the original waveguide mode spilts into second order and third order mode in the switching region; whereas the coupling into the fundamental mode is negligible. This is due to the HCG dispersion effect which makes the fundamental mode leaky [20] , and also leads to its small mode-overlap with the original input waveguide mode.
Negligible contribution due to the fundamental mode significantly reduces the switching length compared to the conventional MMI design.
To further verify the HCG HCW switch operation, FDTD method is used to simulate the switching behavior. A fundamental waveguide mode is launched at one waveguide, depending on the refractive index of the switching region (∼60 μm in length), light either stays at the original waveguide or switches to the adjacent one, as shown in Fig. 15 . The required refractive index change Δn is very small, -7 × 10 -3 , making it very promising for achieving very low switching energy. The insertion loss is 0.03 dB and 0.3 dB for the switch OFF and ON respectively, and the crosstalk ratio is −21 dB for both states. Note that the switching length achieved here (∼3.7w 2 /λ) is less than the fundamental ray-optics limit of 4w 2 /λ, the length for one full optical bounce in the combined waveguide (2w width). This surprisingly small switching length is due to the rapid phase change of HCG properties due to its internal resonance. As described earlier, in a conventional 2 × 2 MMI coupler, the switching length is ∼ 100w 2 /λ 0 (see Table I ). The proposed HCG HCW optical switch thus represents a ∼25 × length reduction. This length reduction is due to the ultra-thin HCG that isolates the two waveguides at the switch OFF state, as well as the utilization of the internal resonance of the HCG at the switch ON state.
One can estimate the switching energy by calculating how much energy is needed to change the refractive index of the grating bars in the switching region. If we assume that the refractive index change is due to the optical induced carriers, the switching energy can be calculated using the following formula:
ΔN is the required carrier density, corresponding to the refractive index change of Δn, σ c is the index change with carrier density. V switch is the switching volume, which is related to the HCG dimensions and the switching length, 'a' and ω are photon absorptivity and photon energy respectively. As an example, we set σ c = 8.2 × 10 −20 cm 3 . This σ c corresponds to that of InGaAsP. The absorptivity 'a' is set to 1 and the waveguide width is set to 5 μm. The calculated switching energy is 1.25 pJ. This value will further decrease for an optical switch designed for a smaller waveguide core size w, since the volume of the device scales as w 3 . For example, reducing the waveguide width from 5 μm to 1.5 μm, is anticipated to reduce the switching energy by a factor of 10. In addition, by choosing a sharper resonance, the index change required for switching can be further reduced, potentially bringing the switching energy in the fJ range.
VIII. CONCLUSION
In summary, we demonstrated ultra-compact MMI based optical components using HCG HCWs. Compared to conventional waveguides, strong confinement of light in the hollow-core is possible due to the highly reflective HCG cladding layer. Using MMI theory, we showed that this unique property leads to compact optical components. Using finite-difference timedomain simulations, we demonstrated a 2 × 2 MMI coupler with a length of 16 λ and a footprint (length × width) of 35 λ 2 . Similarly, a compact 3 dB and 1 × 4 splitter with equal splitting ratio and low insertion loss are realized. A compact 2 × 2 optical switch based on HCG HCW is also proposed and analyzed. The switching length can be less than the length of one full optical bounce in the combined waveguide, and represents a 25 × length reduction compared with a conventional MMI coupler. The required refractive index change of the switching HCG is as small as 0.2%. This optical switch adds to the component library of the HCW platform, and will be useful for advanced applications to be built on the HCW platform. Though material losses and surface scattering losses are neglected in the present study, light guiding in the hollow-core and negligible field penetration in the HCG cladding material means that the losses will be considerably smaller compared to conventional waveguides.
The design methodology presented here for 2D HCG HCW can be easily extended to 3D HCG HCW designs presented in [14] , [21] in order to realize light confinement in both the directions and will be a subject of our future work. Small footprint and low insertion loss show that HCG based HCW is a promising candidate for realizing various functional components for integrated optics.
